Administration of the synthetic estrogen ethinyl estradiol (17a-ethinyl-1,3,5-estratriene-3,173diol) decreases hepatic Na+,K+-ATPase (ATP phosphohydrolase; EC 3.6.1.3) activity and bile flow to 50% and alters the composition and structure of surface membrane lipid in rats. Although the content of phospholipids was not changed by treatment, free cholesterol (130%) and cholesterol esters (400%) were increased in liver surface membrane fractions. These observations correlate with changes in membrane viscosity, as shown by electron spin resonance probes. Both rotational correlation time, using the isotropic probe methyl (12-nitroxyl)stearate, and the order parameter, determined by the anisotropic probe 5-nitroxylstearic acid, were significantly increased in liver surface membrane fractions from rats treated with ethinyl estradiol. Administration of Triton WR-1339, a nonionic detergent that corrects hepatic and serum lipid changes caused by ethinyl estradiol treatment, restored toward normal elevated membrane lipids and viscosity as well as Na+,K+-ATPase activity and bile flow. Although restoration of normal liver surface membrane structure and function may be due to reversal of abnormal lipid composition, detergents also may directly alter membrane enzyme activity. Addition of Triton WR-1339 in vitro increased Na+,K+-ATPase activity and reduced membrane viscosity of surface membranes from rats treated with ethinyl estradiol. Triton had no effect on either parameter in normal membrane preparations. Studies of membrane structure and function both in vivo and in vitro suggest that alterations in lipid composition may alter Na+,K+-ATPase function and bile flow. Na+,K+-ATPase (ATP phosphohydrolase, EC 3.6.1.3) is a mammalian surface membrane that is sensitive to the lipid structure of the membrane bilayer (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) ). An important function of Na+,K+-ATPase in the hepatocyte may be the active secretion of sodium into the bile canaliculus, thus driving water across the canalicular membrane (8, 9) . This fraction has been called bile salt-independent bile flow, and recent studies have demonstrated a strong correlation between hepatic Na+, K+-ATPase activity and bile flow (10), supporting the hypothesis that this component of bile flow is regulated by the sodium pump. One drug consistently shown to reduce bile salt-independent bile flow is the synthetic estrogen derivative ethinyl estradiol (17a-ethinyl-1,3,5-estratriene-3,17f3-diol) (10) (11) (12) (13) .
either parameter in normal membrane preparations. Studies of membrane structure and function both in vivo and in vitro suggest that alterations in lipid composition may alter Na+,K+-ATPase function and bile flow. Na+,K+-ATPase (ATP phosphohydrolase, EC 3.6.1.3) is a mammalian surface membrane that is sensitive to the lipid structure of the membrane bilayer (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . An important function of Na+,K+-ATPase in the hepatocyte may be the active secretion of sodium into the bile canaliculus, thus driving water across the canalicular membrane (8, 9) . This fraction has been called bile salt-independent bile flow, and recent studies have demonstrated a strong correlation between hepatic Na+, K+-ATPase activity and bile flow (10) , supporting the hypothesis that this component of bile flow is regulated by the sodium pump. One drug consistently shown to reduce bile salt-independent bile flow is the synthetic estrogen derivative ethinyl estradiol (17a-ethinyl-1,3,5-estratriene-3,17f3-diol) (10) (11) (12) (13) .
The aim of the present study was to examine whether Na+, K+-ATPase activity is reduced after ethinyl estradiol treatment and, if so, what possible mechanisms might be involved. We recently found that ethinyl estradiol significantly increases hepatic cholesterol ester concentrations by activating hepatic microsomal cholesterol acyl-CoA transferase (14) .
The possibility that altered membrane lipid composition was involved in the mechanism through which ethinyl estradiol
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. § 1734 solely to indicate this fact. alters hepatic function was therefore examined. We previously found that the inhibition of lipoprotein synthesis (14) , bile acid synthesis (15) , and bile flow (16) Bile flow was determined as described (16) . Liver surface membrane fractions were isolated according to Neville (17) through step 12 as described by Pohl et al. (18) . This surface membrane fraction is enriched in bile canalicular fronts, but also contains sinusoidal surface membranes (12, 19) . Microsomal fractions were prepared from the supernate of the liver surface membrane nuclear pellet by a modification of the procedure of Evans and Gurd (20) , previously described (21 Na+,K+-ATPase activity was determined in liver surface membrane fractions and homogenates according to the method of Ismail-Beigi and Edelman with minor modifications (12, 23) . A detailed account of the procedure used has been reported (9) . Under the conditions used hepatic Na+,K+-ATPase activity is linear to protein concentrations of 500 ,ug and for 7.5 min.
Enzyme activity is expressed as micromoles of inorganic phosphate released per milligram of protein per hour.
Glucose-6-phosphatase (24) and cytochromes P-450 and b5 (25) were determined in liver surface membrane fractions as described. Proteins were determined by the method of Lowry et al. (26) , with bovine serum albumin as standard. After extraction (27) of the membrane preparations, free and esterified cholesterol were quantitated by gas-liquid chromatography as described (16) . A portion of the CHC13 extracts was used for
phospholipid (28) analysis. Electron Spin Resonance (ESR) Spin Label Probe Studies. Rotational correlation times of the isotropically moving probe, methyl (12-nitroxyl)stearate (Syva Corp., Palo Alto, CA) were determined in lipid films at 37"C essentially as described (29, 30) . In a previous study it was found that r correlates with true viscosity (31) . In all cases, the mass ratio of lipid to probe exceeded 40:1.
Order parameters of the anisotropically moving probe 5-nitroxylstearic acid (Syva Corp., Palo Alto, CA) were determined in membrane preparations at 370C by the method of Hubbell and McConnell (31) . The probe molecule was incorporated into membrane fractions by drying a hexane solution of probe under nitrogen in a test tube, adding the membrane suspension in buffer, and stirring vigorously for 2 min. RESULTS Effect of Ethinyl Estradiol on Hepatic Na+,K+-ATPase Activity. Administration of ethinyl estradiol to rats daily for 5 days reduced Na+,K+-ATPase activity 50% (P < 0.001) in both liver homogenates and surface membrane fractions ( Fig.  1 ). Similar reductions in activity were observed when either potassium or sodium was removed from the assay, indicating that ouabain inhibition of total ATPase activity measures enzyme activity.
Effect of Ethinyl Estradiol and Triton VR-1339 on Lipid Composition of Liver Surface Membrane Fraction. Since ethinyl estradiol treatment alters hepatic and serum lipids (14) and Na+,K+-ATPase is a lipid-dependent enzyme, the composition of liver surface membranes was determined. Although total phospholipid concentrations were unaltered, administration of ethinyl estradiol increased the concentrations of free cholesterol (1.3-fold) and cholesterol esters (4-fold) compared to the control (Table 1) . Reflecting the change in cholesterol, the molar ratio of cholesterol to phospholipid was significantly increased. Although cholesterol esters represent less than 3% of the total membrane lipids, their presence in surface membrane preparations was a consistent finding.
Administration of Triton WR-1339 restores serum and hepatic lipid changes produced by ethinyl estradiol treatment (14, 16) . In liver surface membrane fractions Triton also returns the elevated levels of free and esterified cholesterol to control levels (Table 1 (31) . The spectra from both probes demonstrated immobilization in the membrane preparations of ethinyl estradioltreated rats. Both T (60%, P < 0.005) and s (5%, P < 0.005) were increased in surface membranes from rats treated with ethinyl estradiol compared to controls (Fig. 2) . When administered to ethinyl estradiol-treated rats, Triton WR-1339 restored r and s values to values not significantly different from those of the control. Since the ESR data were obtained at 37°C, it is likely that the changes in membrane fluidity represent significant differences at physiologic temperature.
Effect of Triton WR-1339 on Na+,K+-ATPase Activity and Basal Bile Flow. If decreased liver surface membrane functions result from altered viscosity, it should follow that restoration of membrane lipid composition and viscosity to normal should also be associated with correction of abnormal Na+,K+-ATPase and bile flow. As shown in Table 2 , administration of Triton WR-1339 restored hepatic Na+,K+-ATPase activity and bile flow to the control levels. This effect is limited to ethinyl estradiol-treated animals, for Triton had no effect on untreated rats.
Certain detergents increase Na+,K+-ATPase activity in vitro (33). Therefore, it seemed possible that correction of reduced Na+,K+-ATPase activity by Triton WR-1339 may result from a direct action of the detergent on the membrane. To examine this possibility, we added Triton WR-1339 in various concentrations to membranes from untreated and ethinyl estradiol-Proc. Natl. Acad. Sci. USA 75 (1978) (29) and cytochrome b5 (37) .
Although the molecular mechanisms for Na+,K+-ATPase function are not fully elucidated, Kyte (3) suggests that conformational changes are required both for exposing cation sites and for forming a channel through the membrane bilayer through which cations are transported. Previous studies (7, 36, 39) also suggest an important role for membrane viscosity in controlling the activity of Na+,K+-ATPase in that there is a good correlation between membrane lipid phase transitions and Arrhenius activation energies. Indeed, Kimelberg and Papahadjopoulis have speculated that membrane cholesterol accumulation may impair Na+,K+-ATPase activity through changes in membrane structure (7) . The results of the present study support these previous studies and suggest that the synthetic estrogen, ethinyl estradiol, decreases hepatic Na+,K+-ATPase activity through changes in surface membrane lipid structure.
Na+,K+-ATPase activity in ethinyl estradiol-treated rats is reduced to 50% of control in liver surface membrane fractions. Since the surface membrane from hepatocytes is a mosaic of three distinct surfaces, and Na+,K+-ATPase may be preferentially localized to one site, it is possible that ethinyl estradiol treatment alters enzyme activity by changing the relative re- Reduced Na+,K+-ATPase activity may also result from decreased function of a fixed number of enzyme units or may be caused by a decreased number of enzyme units. Since in both isolated cell membranes (Fig. 3 ) and in vivo (Fig. 1 Na+,K+-ATPase activity through two possible mechanisms in ethinyl estradiol-treated rats. First, Triton inhibits the activation of hepatic microsomal cholesterol acyl-CoA transferase caused by ethinyl estradiol and restores hepatic lipid composition to normal (14) . Second, Triton may directly affect the structure and function of abnormal membranes, possibly by its inseftion into the lipid bilayer. Whatever the mechanism, these data suggest that increased membrane viscosity caused by ethinyl estradiol treatment is reduced to normal by Triton WR-1339 through its effect on the surface membrane structure. Changes in membrane structure are closely correlated with sodium pump activity and bile flow, suggesting that the physical state of membrane lipids plays an important role in regulating transport across membranes. These observations may explain the reductions in organic anion transport previously reported for ethinyl estradiol treatment in human beings and rats (43) .
